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Abstract. The form of the relationship between local species 
richness and the number of species in the surrounding region 
can be used as a test between competing theories of commu- 
nity structure. For 32 canopy gaps in New Zealand Nothofagzts 
forest, we examined the relationship between the number of 
vascular plant species in 0.2-m2 quadrats within the gap and 
the species richness of the whole gap. We found no evidence 
that competition for a limited number of niches placed an 
upper limit on the number of locally CO-occurring species. 
Rather, the mean number of species in quadrats within canopy 
gaps increased in direct proportion to gap species richness. 
This relationship held after we controlled for potentially con- 
founding factors, including variation in forest floor substrate, 
and gap size, age, shape and orientation. Our results suggest 
that even over relatively small spatial scales, local species 
richness can be constrained by the size of the species pool in 
the immediately surrounding region. 
Keywords: Coexistence; Competitive exclusion; Local rich- 
ness; Regional richness; Saturation; Spatial scale. 
Introduction 
Much ecological theory assumes that interspecific 
interactions, such as competition and predation, are the 
primary determinants of species composition and diver- 
sity in local communities (Hutchinson 1959; MacArthur 
1972; Tilman 1982; Roughgarden 1989; Pimm 199 1 ) .  
The outcome of such interactions may be apparent as 
'assembly rules' - restrictions on the number or identity 
of species that co-occur in a given area (Diamond 1975; 
Wilson et al. 1987; Wilson & Sykes 1988). For exam- 
ple, the concept of 'niche limitation' supposes that the 
number of species that can coexist in a local area is 
constrained by the number of available niches, with 
additional species excluded by competition. Given that 
a local area will contain a limited number of niches and 
that there are sufficient species to fill those niches (i.e., 
the local area is saturated with species), niche limitation 
should result in an upper limit to local species richness. 
Wilson et al. (1987) and Palmer (1987) both suggested 
that if such a limit exists, it should be evident as lower 
variance in the species richness of sample quadrats than 
expected under a null model, the appropriate null model 
being one in which there are no restrictions on the 
quadrats species can occupy. Using successive refine- 
ments of this quadrat variance approach, Wilson and 
coworkers have searched extensively for evidence of a 
limit to species richness in different plant communities, 
at a range of sample scales, and with mixed results 
(Wilson et al. 1987; Wilson & Sykes 1988; Watkins & 
Wilson 1992; Wilson et al. 1992; Bycroft et al. 1993; 
Wilson et al. 1995; see also Zobel et al. 1993; van der 
Maarel et al. 1995). In general, they have found signifi- 
cantly low variance in quadrat richness only at quadrat 
sizes that are small relative to the size of the plants being 
sampled (in grassland, typically at quadrat sizes 2 10 
cm2), suggesting that competitive exclusion limits the 
number of locally co-occurring species (an assembly 
rule), but that its effects are evident only at the spatial 
scale at which neighbouring plants interact. 
An alternative view of local community assembly 
downplays the importance of biotic interactions and 
stresses that the availability of species from the sur- 
rounding region can determine local species composi- 
tion and diversity (Ricklefs 1987; Cornell & Lawton 
1992; Zobel 1992; Eriksson 1993; van der Maarel & 
Sykes 1993,1997; we use the term region to describe an 
area of any size within which smaller local areas are 
embedded). In this view, dispersal and recruitment limi- 
tation, rather than competition for a limited number of 
niches, constrains the number and identity of species 
that co-occur in a local area (Hubbell & Foster 1986). 
Local areas may differ in the number of species they 
contain because different numbers of species are avail- 
able to colonize each local area from the surrounding 
region (Lawton 1982; Cornell 1985; Hugueny & Paugy 
1995; Cornell & Karlson 1996; Partel et al. 1996; Caley 
& Schluter 1997). 
One way to distinguish between these alternative 
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Fig. 1. Two theoretical relationships between local and regional 
species richness (from Comell & Lawton 1992; Comell 1993). 
The line labelled 'ceiling' shows the form of the relationship 
expected if competition places an upper limit on the number of 
locally CO-occumng species, the line labelled 'proportional' 
shows the relationship expected if local richness is limited by 
availability of species from the regional pool, and the dashed 
line labelled 'boundary' marks the upper limit to local richness 
set by exhaustion of the regional species pool. 
models of community assembly (niche limitation vs. the 
size of the species pool) is to examine the form of the 
relationship between local species richness and the number 
of species in the surrounding region (Ricklefs 1987; 
Cornell & Lawton 1992). If competition for a limited 
number of niches limits local species richness then, all 
else being equal, a plot of local versus regional richness 
should have a ceiling marking an upper limit to the 
number of locally CO-occumng species (Fig. 1). In con- 
trast, if local richness is limited by the availability of 
species, then local richness should increase in proportion 
to the number of species in the surrounding regional pool. 
In this paper, we search for an upper limit to small- 
scale plant species richness by examining how the 
number of vascular plant species in 0.2-m2 quadrats 
within forest canopy gaps varies in relation to the total 
number of species in the surrounding gap. If competi- 
tion for a limited number of niches constrains the number 
of species in 0.2-m2 quadrats, then quadrat species rich- 
ness should have an upper limit that is independent of 
gap species richness. Alternatively, if local species rich- 
ness is limited by the size of the species pool in the 
immediately surrounding region, then quadrat and gap 
species richness should be positively correlated. 
Methods 
Study site 
The study site is an old-growth Nothofagus stand at 
Rough Creek in the Maruia Valley, northwest South 
Island, New Zealand. 50 canopy gaps ranging in size 
from 100 - 950 m2 (the expanded gap area, see Data 
collection) had previously been mapped in the stand, 
and a description of the study area, along with informa- 
tion on how the canopy gaps were identified and mapped, 
is in Stewart et al. (1991). Briefly, the stand is on a 
recent valley floor terrace on soils formed from alluvial 
sand and silt. Rainfall in the study area is in the range 
2500 - 2700 mm/yr and mean air temperature ranges 
from 5 to 15 "C. The forest canopy is dominated almost 
exclusively by trees ofNothofag~isjusca (H0ok.f.) Oerst. 
and N. menziesii (H0ok.f.) Oerst. 
Data collection 
In December 1995 and January 1996, we sampled 32 
of the canopy gaps identified in Stewart et al. (1991), 
with the sampled gaps chosen apriori to cover the range 
of gap sizes and ages in the stand. For each gap, the 
length (the longest axis from the boles of trees on the 
gap edges), and the width (the longest axis at right 
angles to the length) were used to define the boundaries 
of the expanded gap (senszi Runkle 1982). 
Differences in the species composition of forest 
canopy gaps are often related to differences in gap area 
and age, at least in part because the size and age of 
canopy openings influence conditions such as the light, 
humidity, and temperature environments within gaps 
(Chazdon & Fletcher 1984; Collins et al. 1985; Dirzo et 
al. 1992). Because they correlate broadly with gap envi- 
ronments, we used expanded gap area and age, along 
with gap orientation (degrees of the longest axis from 
north) and a measure of gap shape (gap length/ gap 
width), as proxy variables to characterize environmen- 
tal differences between gaps. Estimates of gap age were 
taken from Stewart et al. (1991); the gaps ranged in age 
from 9 to 72 years (mean = 27). 
If quadrat species richness is a function of gap rich- 
ness, it makes sense to ask what determines gap rich- 
ness. Because substrate heterogeneity is hypothesized 
to influence gap species richness (Orians 1982), we 
measured differences in the availability of forest floor 
substrates among gaps. Four to eight transect lines were 
located through each gap. Two of the transects ran along 
the length and width axes that defined the expanded gap, 
and the remaining transects were located parallel to the 
first two, but positioned at 5-m intervals on either side. 
Larger, wider gaps had more transects. We measured 
the proportions of five forest floor substrates (forest 
floor, log, stump, mound, and pit) by recording the 
distance along the transect lines that overlaid each 
substrate. A log was defined as a fallen branch or bole 
wider than 0.33 m, stumps were the bases of dead stand- 
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ing or snapped trees, mounds were the uplifted root 
plate and soil associated with fallen, uprooted trees, and 
pits were the adjacent depression in the forest floor. 
We sampled the vegetation at 5-m intervals along 
each transect line. At each sample point, we placed a 
0.2-m2 (0.6 m X 0.33 m) quadrat on the nearest of each 
of the five substrates within a 5-m radius. If a substrate 
was absent within 5-m, no quadrat was measured for 
that substrate at that point. In each quadrat, we recorded 
all vascular plant species rooted in the quadrat, and 
characterized the local environment by recording the 
substrate class and noting whether the quadrat was in the 
canopy gap (open canopy quadrat), or was located di- 
rectly under the overhanging canopy of trees on the edge 
of the expanded gap (gap edge quadrat). We measured 
1253 quadrats in the 32 canopy gaps, with the number of 
quadrats in any one gap ranging from 12 to 122. We 
measured total gap species richness by carefully search- 
ing each expanded gap for additional plant species that 
were not recorded in the quadrat sampling. 
Data analysis 
We quantified substrate heterogeneity within canopy 
gaps by calculating Simpson's heterogeneity index 
(D = Cpi2, where p, is the proportion of the ith substrate 
class in a gap) and subtracting it from one (Magurran 
1988). This index takes the number of substrates and 
substrate evenness into account and, for a given number 
of substrates, has highest value when all substrate classes 
are found in equal proportions. 
We used Least Squares Regression to examine the 
relationship between mean quadrat species richness 
within canopy gaps and gap species richness. If niche 
limitation sets a limit to local species richness, then 
mean quadrat richness should be independent of gap 
richness and the slope of the regression line should be 
zero. Therefore, a significant positive relationship be- 
tween mean quadrat and gap species richness would 
reject the hypothesis of niche limitation. Alternatively, 
there may be an upper limit to local species richness, but 
that limit is reached only in the most species-rich gaps 
where there were sufficient colonists to saturate all the 
local niches. We would then expect a curvilinear rela- 
tionship between mean quadrat and gap species rich- 
ness. We tested for a relationship of this form by testing if 
the inclusion of a second order polynomial in the regres- 
sion model resulted in a significant improvement in model 
fit (Cresswell et al. 1995; Cornell & Karlson 1996; Caley 
& Schluter 1997). In all cases, we examined the form of 
the relationship between mean quadrat and gap species 
richness first, by including both variables alone in a 
simple regression model and second, after including other 
factors (such as gap area, age, shape and orientation) in a 
multiple regression model to statistically remove their 
potentially confounding effects. 
Cresswell et al. (1995) point out that values for local 
and regional species richness will not be independent if 
there are species restricted to only one local area within 
a region. If uncorrected, this non-independence could 
bias the outcome of statistical tests and, depending on 
circumstances, make a significant positive slope more 
or less likely to be observed. Because distinguishing 
among the alternative hypotheses relies on a test of the 
slope of the relationship between local and regional 
species richness, it is important to correct for this source 
of bias. Unfortunately, we could not apply the method 
that Cresswell et al. (1995) advocate (calculating re- 
gional species richness with the local area of interest 
excluded from the regional data set) because our meas- 
ure of local species richness is the average of many local 
quadrats. However, the slope of the relationship be- 
tween local and regional species richness will be unbi- 
ased if the number of species restricted to only one local 
area within a region is uncorrelated with regional spe- 
cies richness (see Fig. l a  in Cresswell et al. 1995). We 
tested if this was true for our data by summing the 
number of species found in only one quadrat within each 
canopy gap and correlating this with the total number of 
species in each gap (excluding those species found in 
only one quadrat). There was no significant correlation 
between the number of single-quadrat species and the 
number of species in the surrounding gap (linear regres- 
sion, r2 = 0.07, n = 32, P = 0.14). 
Results 
Total-gap species richness was higher in canopy 
gaps of greater area and with higher substrate diversity, 
but was not significantly correlated with any of the other 
characteristics that we used as proxies to describe gap 
environments (Table 1). Gap area and substrate hetero- 
geneity were themselves positively correlated (r = 0.45, 
n = 32, P < 0.01). 
In simple regression, none of the characteristics that 
we used as proxy variables to characterize gap environ- 
ments (age, area, orientation, shape, or substrate diver- 
sity) were significant predictors of mean quadrat species 
richness within canopy gaps, although area and shape 
explained a significant but small amount of variation in 
multiple regression (Table 2). In contrast, gap species 
richness was a highly significant predictor of mean 
quadrat species richness, both in simple regression and 
after variation in other gap characteristics had been 
accounted for in multiple regression (Fig. 2, Table 2). In 
both cases the regression slope was positive. While the 
addition of a quadratic term for gap richness resulted in 
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Table l. Correlation coefficients (I-) of gap species richness 
with gap characteristics (n  = 32). 
Gap characteristic I- 
Substrate heterogeneity ( l  - D )  
Gap area 
Gap age 
Gap shape 
Gap orientation 
a significant, though slight improvement in model fit in 
simple regression (suggesting a curvilinear relation- 
ship), the quadratic term failed to enter the model once 
other gap characteristics had been included ( t  = - 0.39, 
P = 0.7). 
Quadrat species richness did not differ between open 
or gap edge quadrats (One-way Analysis of Variance, 
F = 0.78, P = 0.38). However, quadrat species 
richness differed between substrate classes with quadrats 
located on stump, log, and pit substrates containing 
fewer species than those on the forest floor and mounds 
(Table 3). The significant positive relationship between 
mean quadrat and gap species richness could be an 
artefact of this variation in species richness across 
substrate classes coupled with differences in the propor- 
tions of substrates found in gaps. To control for this 
possibility, we camed out regressions of mean quadrat 
species richness on gap species richness separately for 
quadrats on each substrate class. All five substrate classes 
Table 2. Linearregressions, weighted by the number of quadrats 
per gap, with mean quadrat species richness within canopy 
gaps as the dependent variable and gap characteristics and gap 
species richness as predictor variables. The results from two 
regression models for each predictor variable are shown: 
'Alone' is the t-value testing the hypothesis that the slope of 
the relationship between mean quadrat richness and the pre- 
dictor variable does not equal 0 when the predictor is included 
alone in a simple regression model, and 'In complete model' is 
the t-value testing the same hypothesis after all other predictor 
variables have previously been included in a multiple regres- 
sion model (17 = 32). 
Predictor variables Alone In complete model 
Gap species richness 
Fig. 2. Scatterplot of mean quadrat species richness within 
canopy gaps versus total gap species richness. Linear regres- 
sion, weighted for the number of quadrats per gap, is signifi- 
cantly positive (n  = 32, t = 4.23, P < 0.001, r2 = 0.37). 
showed a significant positive relationship between mean 
quadrat and gap species richness, both in simple regres- 
sion and after other gap characteristics had been in- 
cluded in multiple regression (Table 4). The addition of 
a quadratic term for gap richness resulted in a significant 
improvement in model fit only for log substrates and 
only when gap richness was included alone in a simple 
regression model ( t  = 2.13, n = 32, P = 0.048). Hence, 
after controlling for variation in substrate class and gap 
characteristics, mean quadrat species richness within 
canopy gaps increased in direct proportion to gap spe- 
cies richness. 
Discussion 
We found no evidence of an upper limit to quadrat 
species richness and therefore no indication that compe- 
tition for a limited number of niches constrained the 
number of species in 0.2-m2 quadrats within forest 
canopy gaps. This assumes that the quadrat size we 
Table 3. Mean species richness per quadrat on each of five 
substrate classes. 
Substrate heterogeneity ( l  - D )  0.43 0.16 Substrate class n Mean species richness / 
Gap area 0.52 2.12 * quadrat (+ 1 S.D) 
Gap age 0.96 0.85 
Gap shape 0.23 2.30 * Mound 173 3.7 + 1.7 
Gap orientation 0.06 0.05 Forest floor 467 3.4 + 1.4 
Gap species richness 4.23 *** 6.26 *** Pit 128 2.8 + 1.6 
Log 342 2.7 + 1.4 
*P < 0.05, ***P < 0.001 Stump 143 2.6 + 1.4 
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Table 4. Linearregressions, weighted by the number of quadrats 
per gap, with mean quadrat species richness within canopy 
gaps on each of the five substrate classes as the dependent 
variables and gap species richness as the predictor variable. 
The columns 'Alone' and 'In complete model' as in Table 2. 
n = number of gaps. 
Subatrate class n Alone In complete model 
Mound 27 3.35 ** 3.04 ** 
Forest floor 32 2.97 ** 3.63 ** 
Pit 27 2.45 * 2.55 * 
Log 32 2.19 * 3.15 ** 
Stump 26 2.40 * 2.12 ** 
selected would detect an upper limit to local species 
richness if one existed. Quadrat variance studies show 
that an upper limit to local richness is more likely to be 
found at fine rather than coarse sample scales (Wilson et 
al. 1995) and our choice of a 0.2-m2 quadrat was a 
compromise between making our sample area as small 
as possible while ensuring that our quadrats were large 
enough to sample sufficient species to compare varia- 
tion in quadrat richness. Previous studies have argued 
that quadrats of 1 m2 are small enough to detect niche 
limitation in forest communities (Bycroft et al. 1993; 
Zobel et al. 1993). 
Nevertheless, we would most likely observe niche 
limitation in communities that had reached a competi- 
tive equilibrium where quadrats were saturated with 
species and competitively inferior species had been 
excluded. A potential criticism of our study is that we 
chose a disturbed system (transient forest canopy gaps) 
that may not have reached competitive equilibrium, 
making it unlikely that we would observe niche limita- 
tion. There are three reasons why local areas could be 
displaced from equilibrium. First, quadrats in recently 
formed gaps could still be accumulating species if insuf- 
ficient time had passed for colonists to saturate all the 
local niches. Alternatively, quadrats in recently formed 
gaps could be oversaturated if there had been insuffi- 
cient time for competitive sorting to have eliminated 
inferior competitors. There is no evidence to support 
either of these scenarios as both predict a significant 
correlation between mean quadrat richness and gap age, 
which we did not find (Table 2). Hence, our failure to 
observe niche limitation was not a consequence of sam- 
pling areas that were converging on, but had not yet 
reached, competitive equilibrium. 
The third possibility is that competitive interactions 
were not strong enough to cause competitive exclusion 
and so limit local richness. Our results support this 
scenario and suggest that the availability of species in 
the immediately surrounding region was the key factor 
structuring local assemblages in the canopy gaps we 
studied. Our conclusion rests on two assumptions. First, 
we are assuming that the total number of species in a 
canopy gap describes the pool of species available to 
occupy a quadrat within that gap, an assumption we 
think is reasonable. In the old-growth Nothofagus forest 
we studied, canopy gaps are formed by the death of one 
or a few canopy trees and occur as discrete openings in 
an otherwize closed forest (Stewart et al. 1991). Most of 
the vascular plant species in these forests, especially 
understorey shrub and herbaceous species, grow in the 
high light environment of canopy gaps and are absent 
from the surrounding closed forest. Hence, canopy gaps 
form discrete habitat patches of high species richness 
separated by areas of closed forest unsuitable for most 
gap species. The total number of species in a canopy gap 
therefore describes the number of species with similar 
habitat requirements that, because of their proximity, 
are the most likely to colonize local areas within a gap. 
Second, our conclusion implies a causal relationship 
between species richness at different spatial scales and 
assumes the direction of causality is that regional rich- 
ness limits local richness (see also Hugueny & Paugy 
1995; Partel et al. 1996; Caley & Schluter 1997). Con- 
founding factors could generate a spurious relationship 
between local and regional species richness. For exam- 
ple, if both local and regional richness covaried in 
response to a third variable then we could get a positive 
relationship between species richness at the two spatial 
scales even if local richness was independent of the 
regional species pool. In this study, a highly significant 
correlation between local and regional richness per- 
sisted, and was usually strengthened, after we statisti- 
cally controlled for likely confounding variables, giving 
us some confidence that the relationship was not 
artefactual. 
The direction of causality follows from the above 
argument. Having controlled for environmental factors 
that can influence local species richness, there appears 
no reason why equivalent quadrats in species-poor gaps 
could not support at least the same number of species as 
quadrats in species-rich gaps, other than that different 
numbers of species were available to colonize those 
local areas. It follows that local quadrats were unsatu- 
rated and that gap richness must be limiting quadrat 
richness rather than vice versa (Cornell & Lawton 1992; 
Cornell 1993). 
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